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Abstract 

CP violation from physics beyond the Standard Model is investigated in Bi/^ 
decays: B —> DttWi. The semileptonic H-meson decay to a D-meson with an 
emission of single pion is analyzed with heavy quark effective theory and chiral 
perturbation theory. In the decay process, we include various excited states as 
intermediate states decaying to the final hadrons, D -|- vr. The CP violation is 
implemented in a model independent way, in which we extend leptonic current 
by including complex couplings of the scalar sector and those of the vector 
sector in extensions of the Standard Model. With these complex couplings, 
we calculate the CP-odd rate asymmetry and the optimal asymmetry. We 
find that the optimal asymmetry is sizable and can be detected at In level 
with about 10®-10^ i?-meson pairs, for some reference values of new physics 
effects. 
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I. INTRODUCTION 


Semileptonic 4-body decays of mesons, such as K^, and with emission of a pion have 
been studied in detail by many authors [^]-|^ . -Bm decays will be fully investigated soon at the 
forthcoming 5-meson factories. The decays of 5/4, and 5^4 have distinct characteristics 
in many theoretical aspects: it '/4 decays can be studied with chiral perturbation theory for 
full decay phase space However, in Di^ decays the chiral perturbation theory can be 
applied only to a very small region of the final state phase space since light mesons in 
hnal state have relatively large energies. The pions emitted in 5^4 decays have such a wide 
momentum range that one may have difficulties to analyze the decays over whole phase 
space. However, if we restrict our attention to the soft pion limit, we could investigate 5^4 
decays, including the final state 5-meson, by the combined method of heavy quark expansion 
and chiral perturbation expansion p,Q. The significance of B —>■ Dnlu decay mode is seen 
from the observation that the elastic modes of B ^ Dev and B D*ev account for less 
than 70% of the total semileptonic branching fraction. Goity and Roberts [Q have studied 
B —>■ DttIv decays by including various intermediate states which are decaying to 5-|-7r, and 
found that the effects of higher excited intermediate states are substantial compared to the 
lowest state of 5*, as the invariant mass of 5-|-7r grows away from the ground D* resonance 
region. 

In this work, we consider the possibility of probing direct CP violation in the decay of 
B^ —> DttI^v in a model independent way, in which we extend leptonic current by including 
complex couplings of the scalar sector and those of the vector sector in extensions of the 
Standard Model (SM). In our separate paper p, we also consider the phenomenon within 
specific models such as multi-Higgs-doublet model and scalar leptoquark models. In order 
to observe direct CP violation effects, there should exist interferences not only through weak 
CP-violating phases but also different CP-conserving strong phases. In 5^4 decays, CP- 
violating phases can be generated through interference between H^-exchange diagrams and 
scalar-exchange diagrams with complex couplings. The CP-conserving phases may come 
from the absorptive parts of the intermediate resonances in Bi^ decays. 

CP violation can be also investigated through T-odd momentum or spin correlations in 
semileptonic heavy meson decays to three or more final state particles in some extended 


models @,0]. Especially, the authors of Ref. analyzed the possibility of probing CP- 
violation by extracting T-odd angular correlations in the lowest resonance decay of R — 
Dti)Iv and found that the effects can be detected in some cases. Here we include 
higher excited states, such as P-wave, P-wave states and the hrst radially excited R-wave 
state, as intermediate states in P —> Dnlu decay, since these intermediate states could 
contribute substantially to the decay B 14 [|]. As can be seen later, including these higher 
excited states would signihcantly amplify the CP violation effects. 

In previous studies of P/ 4 , decays to only light leptons (e and p) have been considered, 
because the width is very small in the case of heavy leptonic decay, Pt- 4 . However, the 
CP violation effects implemented by interference between vector boson and scalar boson 
exchanges in leptonic current may in general be proportional to the lepton’s mass. Therefore, 
we here consider the case including a tan lepton as well. We note the larger lepton mass 
implies the smaller available region of hadronic invariant mass in the hnal state phase space, 
which actually means the relatively larger region of phase space to which chiral perturbation 
theory is applicable in P ^4 decays, compared to light leptonic decay cases. 

In Section H, we briefly review the heavy quark effective theory and chiral perturbation 
theory to calculate the amplitude of P —> Dnlu decay. The detailed formalism dealing with 
Bi 4 ^ decay is given in Section HI and Appendices. And the observable asymmetries are shown 
in Section IV. Section V contains our results, discussions and conclusions. 

II. HEAVY QUARK EFFECTIVE THEORY AND CHIRAL PERTURBATION 

THEORY 

The formalism of P /4 decay in the context of heavy quark effective theory (HQET) and 
chiral perturbation theory (chPT) has been studied by many authors [§,0. We follow the 
procedure described in that literature, and make it suitable for our analysis by including 
various intermediate states and retaining lepton masses. We briefly review these theories 
and describe explicitly our procedure of obtaining the amplitude of the decay. 

The interactions of the octet of pseudogoldstone (pG) bosons with hadrons containing a 
single heavy quark are constrained by two independent symmetries: spontaneously broken 
chiral SU(3 )lX SU(3)j? symmetry and heavy quark spin-flavor S\J{2Nh) symmetry P, where 
Nh is the number of heavy quark flavors. Within the frame work of HQET [Q , the spin J of 


a meson consists of the spin of a heavy quark [Q), the spin of a light quark [q) and relative 
angular momentum 1: 


J — Sq + S'/ + / . (2-1) 

We denote the meson state as with its parity. If we dehne j = Si +1 which corresponds 
to the spin of the light component of the meson, we have a multiplet for each j\ 

J = ( 2 - 2 ) 

Then, for a meson M, HQET predicts the following multiplets up to / = 2: 


1 = 0: 

(o-,r) 

(M,M*) , 

1 = 1: 

(oMp 

(Mo,Mf)) 


(ip 2 p 

(Mf\M 2 ) 

1 = 2: 

(i-, 2 -) 

(Mi,Mf) 


( 2 -,3-) 

(M^'^Ma) 


where we denote the corresponding meson states by the notation in the last column. Fur¬ 
thermore, there could be radially excited states. For example, the hrst radially excited states 
are 


/ = 0 (n = 2) : (0-,l-) (2.4) 

Among these resonances (denoted by M), D —> Dtt oi B —> i?7r decay is possible only for 
= O’*", 1“, 2+ and 3“ resonances because of parity conservation. However, if we use chiral 
expansion, the decay amplitude of 2+ state, M 2 , is proportional to {PttY, and that of 3“ 
state is proportional to (p^r)^ 0 , so their contributions will be suppressed in the soft pion 
limit. Therefore, in the leading order in the resonances contributing to H /4 decays are 

M = M*, Mo, Ml and M'*, (2.5) 

where M stands for B or D meson. 

The weak decay matrix elements of i? to D are given in the heavy quark limit 0 as 


{D*{v',e)\H^\B{v)) = i{uj)[-ie^,yapv'°'v^ + + 1) - v'^Vu]e*'', 

{Dq{v')\H^\B{v)) = -piM(u - v')^, 

{Di{v\e)\H^,\B{v)) = -^p 2 {i^)[ie^,uaiiV°'v'l^{uj - 1) + - 1) 

-vy{{2 + uj)v'^-?,v^}]e*'', 

{D'*{v\e)\H^\B{v)) = + g^^{uj + 1) - v'^Vy]e*'', (2.6) 


where = C 7 ^(l — 75)6 = and u = v ■ v'. The effective currents where a B- 

meson resonance decays into a ground-state D-meson are easily obtained by simply taking 
the hermitian conjugate of the currents given above, followed by interchanging the symbols 
B D and v v'. 

For the form factors .^(o;),pi(a;) and p 2 {oj) in Eq. (^^) , we adopt the forms of 
Ref. H, which were derived from the quark model. The explicit forms are 


^(w) = exp 


4f3' 
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■(02^-1) 


(2.7) 


+ - 2{P^ + P'i] 

where A is defined by writing the mass of the ground state as M(o-q-) = mg -|- A with 


rric = 1628 MeV and rrib = 4977 MeV [T^, and numerical values are (3 = 0.29, P[ = 0.28 
and P 2 = 0.26. 

In order to deal with the interactions of pG bosons with hadrons containing a single heavy 
quark, one may construct an effective lagrangian with the two symmetries above and perform 
a simultaneous expansion in the momenta of pG bosons and the inverse masses of the heavy 


quarks. Such a lagrangian has been described in Ref. for heavy hadrons with the light 
degrees of freedom in the ground state. For construction of such effective lagrangians, it is 
convenient and now common to introduce superfields associated with each multiplet . 
Using the superfield formalism, one may represent the spin-flavor symmetry explicitly, and 
according to a velocity superselection rule |T^, one can have one such superfield assigned 
with each four velocity at the leading order in the inverse heavy mass expansion. 



































The superfield for the ground-state heavy meson multiplet (0,1) with velocity is 

n- = '^(-i,,p + rv;), ( 2 . 8 ) 

where P and V* are the fields associated with the pseudoscalar and vector partners, respec¬ 
tively. This multiplet transforms under spin-symmetry operations as 


H- —>■ exp(—ie • Sv)H-, 
with Si = 


(2,9) 


where e^, k = 1,2,3, are space-like vectors orthogonal to the four-velocity Simi¬ 

larly, one can associate superfields with excited states 0- The multiplets of our interest, 
(0+, I’*'), (1“,2“) and (0“, 1“)' are described by the superfields: 

i + i) 


w* = ^ (-Ho* + , 

f W - llAY + f")] + I . 


= 


n'_ = 


2 

i + i) 


(-7tffJ-+7„<). 


( 2 . 10 ) 


respectively. All the tensors are traceless, symmetric and transverse to the four-velocity. 
These excited superfields transform under the spin-symmetry operations in the same way as 
the ground state superfield does. 

The strong interactions of heavy mesons with pG bosons are described by the so-called 
“heavy-light” chiral lagrangian, which is written in terms of the usual exponentiated matrix 
of pG bosons. 


(2iM'\ 


where Af is a 3 x 3 matrix for the octet of pG bosons, 

K+ \ 

yi Vt) 

M = 


V 


TT 

K- 


V6 


K 


sV J 


and 


( 2 . 11 ) 


( 2 . 12 ) 


U = 


93 MeV 


(2.13) 











is the pion decay constant. The lagrangian for the pG bosons is 


Cm = ^tra^Sta^S, (2.14) 

which contains all SU(3 )lX SU(3)j? invariant interactions np to two derivatives among the 
pG bosons. One can easily see the invariance of the lagrangian Cm under SU(3 )lX SU(3)r 
chiral transformation, since in this representation the unitary matrix transforms as 

S ^ E' = LCR\ (2.15) 


where L and R are global transformations in SU(3 )l and SU(3)/{, respectively. Since the 
chiral symmetry SU(3)£X SU(3)ij is spontaneously broken down to SU(3)y, we can deal 


with interactions of such pG bosons to the usual hadrons by introducing a new matrix |15 


e = 


(2.16) 


which transforms under the SU(3)iX SU(3)ij as 

5 ^ = LiU' = UiR', 


(2.17) 


where 17 is a unitary matrix depending on L and R and nonlinear functions of pG fields. 
From ^ we can construct a vector held and an axial vector held as follows: 


1", = jK'SX + iU') - d,M], (2.18) 

■4;. = ~ (2.19) 

The vector held transforms like a gauge held under chiral transformation 

v; ^ g; = uv,u^ + ud^u\ (2.20) 

and the axial vector held is an SU(3) octet which transforms as 

71^ ^ 7i; = UA^U^. (2.21) 


The heavy quark spin-symmetry multiplet, 77, transforms under a chiral rotation as 


n un. 


(2.22) 






Note that all multiplets we are considering are isotriplets, and effectively reduce to isodou¬ 
blets since we do not include the strange quark in our consideration. 

In order to construct chirally invariant lagrangian, we make use of a gauge-covariant 
derivative involving 

= + V^. (2.23) 

Using this covariant derivative and the axial vector field one can construct an effective 
lagrangian, which possesses spin-flavor and chiral symmetry explicitly. In Ref. , the strong 
interaction effective lagrangian is given to the lowest chiral order, he., to 0{p.n) in the heavy 
meson sector and to 0{p^) in the pion sector. Among many possible terms in the lagrangian, 
the part of the interaction between heavy mesons and pions is 

C,int = 5'tr(7Y_A^7i_7^75) -F 

+a2tr(^_^A^iR_75) -t-«3tr(^U^:R-7/.75), (2.24) 

where Ti = and g and ads are the low energy coupling constants. From the above 

lagrangian, one can obtain vertices for soft neutral pion emission [Q: 

/tt 

(L)L)°^)7r° : ■ n, 

Jtv 

{DD’*>^)7r^ : ^p^. (2.25) 

/tt 

Using these vertex factors and the heavy meson transition matrix elements in Eq. (p.6|) , one 
can calculate Bn decay amplitudes. 

III. Bn DECAY RATES WITH SCALAR COUPLINGS 

We consider Bn decays of B~ —> D^'k~It) and B~ —> We here show theoretical 

expressions for B~ —> D^n^W. For B~ —> we can easily derive them from those 

for B~ at the amplitude level by using isospin relation. The amplitude has the 

general form: 


(3.1) 


T = k 


(1 + 


K = Vcb^^y/mBniD, 


where is the {V — A) charged leptonic current and js is a Yukawa-type scalar current in the 
leptonic sector. Here the parameters y and 77 , which parametrize contributions from physics 
beyond the SM, are in general complex. Note that the SM values are y = 77 = 0. We retain 
charged lepton mass since we also consider decays of Br^. The vector interaction part of 
the hadronic amplitude, Hy, receives contributions from two types of diagrams, illustrated 
in Fig. 1(a) and 1(b), respectively: 


fit-= {£>ir|c7'‘(l - 75)6|B> 

= - l.MB.)(B,ir\B) + ^{Bi|A)(AI<7'‘(l - 75)i|B), (3.2) 

Bi Di 

and his is the corresponding scalar current matrix element: 


Qs = {D7 i\c{1 - -f5)b\B) , (3.3) 

where Di and Bi stand for intermediate excited states of our interest. We can obtain Yukawa 
interaction form factors by multiplying the {V — A) currents with momentum transfer q^: 

= Pb - Pd = nisv^ - (3.4) 


{D*{v\e)\q^^A^\B{v)) = + mD){v ■ e*), 

{Do{v')\q^"A^\B{v)) = pi{u){mB + rnD){l - u:), 

{Di{v',e)\q^A^\B{v)) = -^p 2 {uj){mB + mD){l - uj){v ■ e*), 
{D'*(y\e)\q^A^\B{y)) = -i^^\u){mB + mD){v ■ e*); (3.5) 


(all states|g^V)j|i?(n)) = 0. 

And using 


(3.6) 


q^^V^ = {rriB - rnD)cb, q^A^ = -{niB + 771 ^) 0755 , (3.7) 

in the heavy quark limit, one can relate any Yukawa-type interaction with the vector (axial) 
current ones. Consequently, we get the following relation 



qfSly ^ + rnD)^s- 


(3,8) 


We define the dimensionless parameter which determines the size of the scalar contribn- 
tions relative to the vector ones: 

V 


c = 


l + ,\' 


(3.9) 


Note that the SM corresponds to the case with X = h = C = 0- Then the amplitnde can be 
written as 


t = k{i + = % + ca 


mi 


(3.10) 


where we used the Dirac equation for leptonic current, = mijg with = pf + pp. 
Then, the relevant Feynman diagrams read 


A(5*) iv'^v'f^e^app + gpp{l + w) - - (v‘ 

Jtt 


/ L^ - 


+0‘'^(n')^(D*) liv'^v'^e^app + 5'w(l + w) - Vpv' + Cvp 


mi^ 


+^pi(^){(t. - + C(1 - ^)1^}[ - A(B„)p ■ V + A(B„)p ■ v' 

Jtt m L 

+ ^P2{,uj)pp\q''p{v)/\{Bi) \yiepuo^pv^v''^{uj - 1) + - 1) 

-v'^{vp{2 To;) - 3n^) + 2C(1 - uj)vl— + Q‘'^{v)A{Di) - 1) 

mi 9 

-1) - + uj)- svp) + 2C(i - 

{^)Pv\Q''^{v)A{B'*) + 5'pp(1 + o;) - v^v' - Cv' — 


f. 


mp 


L.n 


+Q^P{v')A{D'*) iv°'v'^epc,gp + 5 'pp (1 + o;) - Vpv' + C^p— 


mp 


(3.11) 


where 0 ^^(n) = g^^ — v^v'^, and for numerical values of the coupling constants we use the 
predictions of Ref. P : 


g = 0.5, a\ = —1.43, = —0.14, 03 = 0.69. 


(3.12) 


Here the functions representing the propagator of the intermediate resonance, A(M), are 
defined as follows: 


A(R) = 


A(D) = 


M 


B 


{Pb - pY - Tf| + iMpT^ -2(y ■ p + 6mp) + iT 


M 


D 


(Pd + P?‘ - VI + iM^r h 2(v' . p - 3'mo) + irg’ 


(3.13) 






















where we have incorporated the hnite width of the resonances, and FThis inclusion of 
resonance widths corresponds to considering the overall strong interaction contribution, and 
plays an important role in our investigation. Those widths serve as CP-conserving phases 
needed for direct CP violations. Here the mass differences between the resonances and the 
ground-state mesons, 5m are dehned as ~ and P^p- is the total width of 

the resonance. For the specihc values of the above quantities, we adopt the predictions in 
Ref. i: 

5mMQ = 0.39 GeV, r^o = 1040 MeV, 

5mM^ = 0.71 GeV, Pmi = 405 MeV, 

5mM'* = 0.56 GeV, Pm'* = 191 MeV, (3-14) 

where M stands for B or D. Note that we used the same numerical values for B and D, for 
simplicity, following Ref. 0. For 5/4 decays, values for D are much more important, and 
are also more precisely known from experiments compared to values of R. In order to do 
detailed calculations, hrst, we now dehne the kinematic variables 

P = Pd+ Pn, with pd = mov', p^ = p, 

Q = Pd-P, 

L = Pi+Pp, 

N = pi-pp. (3.15) 


In terms of these variables, the most general form of can be written as 


+ FP^ + GQ, + RL^, 


(3.16) 


where H, F, G and R are the form factors depending on three invariants to, p ■ v and p ■ v'. 
These form factors are easily obtained from the expressions in Eq. (|3.11| ), and their explicit 
forms are given in Appendix A. We get the following invariants: 


P'^ = sm, 

= 2{m\) + ml) - sm, 

= SL, 

= -sl + 2 mf , 





(3.17) 


P ■ Q = ml - ml, 

P ■ L = - sl- sm), 

L-N = ml 


It is well known that there are hve independent kinematic variables for these processes 
when the spins of the initial and hnal states are zero or not observed. From the momenta 
of the S-meson, H-meson, the pion, the lepton, and its neutrino ps, Pd, P, Pi, cind pp, for 
the hve independent variables we choose sm = {pd +pY, sl = {pi PPu)"^, 0 (he., the angle 
between the D momentum in the Dtt rest frame and the moving direction of the Dn system 
in the i?-meson’s rest frame), 9i (he., the angle between the lepton momentum in the W 
rest frame and the moving direction of the W system in the i?-meson’s rest frame) and 0 
(he., the angle between the two decay planes dehned by the pairs (p, po) and (p;, pp) in the 
rest frame of the i?-meson). This is the set of variables initially introduced by Cabibbo and 
Maksymowicz [jT^ in the analysis of Ki^ decays. All the angles above are explicitly dehned 
in Fig. 2. Then, the remaining invariants are 

1 


P-N = 


Q-L = 


Q-N = 


2sl L 
1 

2sm ■ 
2smSl 


m 


D 


- Sm - Sl) + cos 6 i{sl - mlX^^^{ml, sm, sl) 
ml - ml){ml - sm - sl) + cos 6 'A^/^(sm, ml, m^)A^/^(m|, sm, sl) 
^‘d - - Sm- Sl) + cos 6'A^/^(m|, sm, sl)A^/^(sm, 

cos 9iX^/‘^(ml, Sm, sl)X^^'^{sl, ml 0) 


ml 


2smSl 
{ml - Sm - Sl) 
2smSl 


cos 9i cos9X^^‘^{sm, ml, ml)X^^‘^{sL, ml 0) 


^fiupcr 


\/SmSl 
P^^Q'^PPN^ 


cos^sin 9i sin6'A^'^^(sM, ml, ml )X^/^{sL,mlQ), 


;A^/^(m|, Sm, sl)X^^‘^{sm, ml, ml)X^/‘^{sL, ml 0) sin 0sin 9i sin 9, (3.18) 


2yJSLSM 

where X{x, y, z) = — 2xy — 2yz — 2xz. In particular, the amplitudes are functions 

of three invariants, uj = v ■ v', p ■ v and p ■ v', which are given by 

1 


V ■ V = 


AmBmoSM ^ 


{sm + ml- ml){ml + sm - sl) 
+A^/^(m|, Sm, sl)X^^^{sm, ml, ml) cos 9 





















1 


p ■ V = 


AmsSM 


{sm + ml- + sm - sl) 

Sm, -Sl)A^/^(sm, ml) cosO 


p ■ V = 


2m D 


(sm -mlj- ml^. 


Finally, the decay rate is proportional to 


(3.19) 


|T|2 = 


(3.20) 


where it = fi;|l + x|, and the leptonic tensor is given by 


= 4(L„L„ - iV„iV„ - (si - N”), 


(3.21) 


retaining lepton mass mi. The explicit result is 

|T| Vit^ = 4|Fp[(P . L)2 - {sL - m^)sM - {P ■ iV)^] + 4\GWQ ■ L)^ - Q^{sl - ml) 

-{Q ■ iV)2] + \H\^[{sl - ml){2P -LP-QQ-L-iP- LfQ^ - {P ■ Q)^sl 
-{Q ■ L)^sm + Q^smSl) - + 8Re(PG*)[P ■ LQ ■ L 

-P-NQ-N -{sl- ml)P ■ Q] + 4Re{FH*)[sLP -QP-N + iP- LfQ ■ N 
-P ■ LQ ■ LP ■ N - smSlQ ■ N - ml{P ■ QP ■ L - smQ ■ L)] 

+4Re{GH*) [-P ■ N{Q ■ L)^ + P ■ LQ ■ LQ ■ N + Q^slP ■ N - slP-QQ ■ N 
-mliQ'^P ■L-P-QQ-L)]+ 4:ml[\R\‘^{sL - ml) + 2Re(P*P)(P ■ L - P ■ N) 
+2Re{G*R){Q ■ L - Q ■ N) - lm{RH*)e^^p,,P^^Q''L^^] 

+4Im(2PG* + F*HP ■ N + G*HQ ■ N)ep^pp,P^Q^L^N^ . (3.22) 


The differential partial width of interest can be expressed as 

dV J(sm, gL)|Tpd<F4, 

2m B 

where the 4 body phase space d ^4 is 


(3.23) 


d ^4 = dsM ■ dsL ■ d cos 6 ■ d cos 6i ■ d(j), 


(3.24) 


= 


and 


2 for charged pions, 
1 for neutral pions, 


(3.25) 


and the Jacobian J{x,y) is 


J{x,y) = 


2^^Ti^xym^ 

Kinematically allowed regions of the variables are 


2 X, y)X^^^{x, ml, ml)X^^^{y, 0). 


{mD + m^y < sm < {mB-m{f, 
mf < sl < {ms - 


— 1 < cos 6*, cos 6*/ < 1, 
0 < 0 < 271. 


(3.26) 


(3.27) 


Since the initial B~ system is not CP self-conjngate, any gennine CP-odd observable 
can be constrncted only by considering both the decay and its charge-conjngated B^ 
decay, and by identifying the CP relations of their kinematic distribntions. Before construct¬ 
ing possible CP-odd asymmetries explicitly, we calculate the transition probability for the 
charge-conjugated process B~^ or B'^ —> D~7i^l^i'i. Following previous explicit 

expressions, the transition probability |Tp for the B^ decay in the same reference frame as 
in the B~ decay is given by simple modification of the transition probability |Tp of the B~ 
decay: 


| r |2 = | t |2 


(i) change signs in front of the terms proportional to imaginary part 

(ii) C - C • 


(3.28) 


It is easy to see that if the parameter ( is real, the transition probability ( 3.22 ) for the B 
decay and (|3.28|) for the B~^ decay satisfy CP relation: 


\T\^{e, 01, 0 ) = \T\^{e, Oi, - 0 ). 


(3.29) 


Note that all the imaginary parts are being multiplied by the quantity e^yp^P^Q '^which 
is proportional to sin0, as can be seen in Eq. ( p.l8|) . And then, dV/d^^ can be decomposed 
into a CP-even part S and a CP-odd part V\ 


dP 1 . ^ 


(3.30) 


The CP-even part S and the CP-odd part P can be easily identified by making use of the 
CP relation (|3.29|) between the B~ and B~^ decay probabilities and they are expressed as 










5 = 


ci(r + r) 


and V = 


d{T - T) 


(3.31) 


dt, dt, 

where we have used the same kinematic variables {sm, for the dT/d ^4 except for 

the replacement of 0 by —0, as shown in Eq. (|3.29|) . Here E and F are the decay rates for 
B~ and respectively. The CP-even S term and the CP-odd V term can be obtained 
from B^ decay probabilities and their explicit form is listed in Appendix B. Note that the 
CP-odd term is proportional to the imaginary part of the parameter ( in Eq. (|3.9|) and lepton 
mass mi [Note also that V in Eq. (|B2|) looks like proportional to mf, but the quantity A 4 
has 1/m; factor in it]. Therefore, there exists no CP violation in B 14 decays within the SM 
since the SM corresponds to the case with C = 0. 


IV. ASYMMETRIES 


An easily-constructed CP-odd asymmetry is the rate asymmetry 


(4,1) 


P + P’ 

which has been used as a probe of CP violation in Higgs and top quark sectors |]^. Here 
P and P are the decay rates for B~ and B^, respectively. The statistical signihcance of the 
asymmetry can then be computed as 

N_ -N: N_- N: 


Nsd — 


(4.2) 


VA_ + A+ y/N-Br' 
where Nsd is the number of standard deviations, N± is the number of events predicted in 
Bi 4 decay for B^ meson, N is the number of B mesons produced, and Br is the branching 
fraction of the relevant B decay mode. For a realistic detection efficiency e, we have only to 
rescale the number of events by this parameter, N_ + N^. —> e{N_ + A+). Taking Nsd = 1; 
we obtain the number Nb of the B mesons needed to observe CP violation at l-cx level; 

1 


Nb = 


(4.3) 


Br- 

Next, we consider the so-called optimal observable. An appropriate real weight function 
w{sm, sl] 0, Oil 0) is usually employed to separate the CP-odd V contribution and to enhance 
its analysis power for the CP-odd parameter Im((/) through the CP-odd quantity: 


{wV) = J [wV] d<h 4 . 


(4.4) 














of which the analysis power is determined by the parameter 


(wV) 


(4.5) 


For the analysis power e, the nnmber Nb of the B mesons needed to observe CP violation 
at 1-a level is 


Nb = 


Br ■ 


(4.6) 


Certainly, it is desirable to hnd the optimal weight fnnction with the largest analysis power. 
It is known |jT^ that when the CP-odd contribution to the total rate is relatively small, the 
optimal weight fnnction is approximately given as 


V 

M y ^Ly ^y ^ly 0 ) 


•^opt - 


(?) 

^ ( 5 ) ■ 

We adopt this optimal weight fnnction in the following nnmerical analyses. 


(4.7) 


V. NUMERICAL RESULTS AND CONCLUSIONS 

Let US first consider the decay to heavy lepton, r, since CP-odd asymmetry is proportional 
to mi, and heavy lepton may be more susceptible to effects of new physics. The contributions 
of each multiplet to the i?T -4 decays are shown in Figs. 3(a) and (b), for B~ —>■ D^TT~TVr and 
B~ —>■ D^TT^TUry respectively. We found that the contributions from (O’*", 1’'“) and (0“,1“)' 
multiplets are comparable to the lowest one (0“,1“), and the contribution of the D-wave 
(1“,2“) multiplet is very small. However, the latter may give non-negligible contribution 
through the interference with the other dominant parts, so we retain it. 

We restrict ourselves to the soft-pion limit by considering only the region sm <6.5 GeV^, 
which is about one half of the maximum value. This restriction corresponds to the pion mo¬ 
mentum less than about 0.6 GeV. The decay rates we obtain (including all of the resonances 
we have discussed) are 1.79 x 10“^® GeV for B~ D^'K~Ti)r and 5.56 x 10“^® GeV for 
B~ — > D'^TT^TUry where we use F^i.o = 60 keV for the total width of the D*^ |^. These cor¬ 
respond to branching fractions of 0.045% and 1.37%, respectively, which were obtained by 
using the recently published lifetime of the charged H-meson {tb± = 1.65 x 10“^^s) |^. We 
notice that, although B~ —>■ D^'K~TUr decay amplitude is larger than that of B~ —> 









by factor from isospin relation, for the actual decay rate the latter mode has much larger 
decay rate. This is so because the most dominant resonance cannot decay into D^'n~ 


on its mass-shell [19 


In Table 1, we show the results of St -4 decays for the two CP-violating asymmetries: 
the rate asymmetry A and the optimal asymmetry Sopt- We estimated the number of B 
meson pairs, Nb, needed for detection at la level for CP-violating values |Im((^)| = 0.5 and 
2.0. These values are chosen from our rough estimates of current experimental bounds in the 
multi-Higgs-doublet model and scalar leptoquark models. Thorough investigation on specific 
models can be found in Ref. [^. As we can expect, the optimal observable gives much better 
result than the simple rate asymmetry. We also found that although the decay rate of neutral 
pion mode is larger than that of the charged pion mode, the latter case gives better detection 
results because of large CP-violating effects in charged pion decay mode. Since one expect 
about 10® orders of R-meson pairs produced yearly in the asymmetric B factories, one could 
probe the CP-violation effect by using the optimal asymmetry observable. 

We also estimated CP-violation effects in the B^ decays with light leptons. The results for 
R ^4 decays are shown in Table 2. We found that relative sizes of CP-violating asymmetry, 
which is proportional to the lepton mass, are smaller in B ^4 decays than in Rt -4 decays. 
However, due to the larger branching fractions, at the same value of Im((^) one needs in 
the B ^4 case the number of R-meson pairs of the same order of magnitude as in the Rt -4 
case to probe the CP-violating effect. For Re 4 decays, however, electron mass is so small 
that we hnd that ~10^° R-meson pairs are needed for the same input Im((^) values, even 
when using the optimal observable. Thus one may conclude that both Rt -4 and R ^4 decays 
could serve as equally good probes of CP-violation effects. However, in some models such 
as multi-Higgs-doublet models, the scalar coupling, i.e. effectively ( itself, is proportional 
to the lepton mass, and therefore the CP violation in the R ^4 decays is highly suppressed 
compared with the Rt -4 decays. Therefore, Rt -4 decays could serve as a much better probe of 
CP-violating effects in such models. 

As mentioned earlier, the pure contribution of the R-wave (1“,2“) multiplet is very 
small (cf. Fig. 3), but we included that multiplet since its contribution could be rather 
sizable through interference with other dominant ones. However, we compared the result 
obtained by dropping off the (1“,2“) multiplet with the previous results including all the 





multiplets, and found that the interference effect is also very small. So one could safely 
neglect the (1“,2“) multiplet for 5/4 decays. 

We here included various higher excited states other than just the ground state D* vector 
mesons as intermediate states in the decay processes. In order to estimate effects of these 
higher excited states on CP violation effects, we show in Table 3 the results with only the 
ground state included as an intermediate state. It can be easily seen, by comparing with the 
values in Table 1(b), that those higher excited states have highly amplihed the effect of CP 
violation. 

In conclusion, we investigated CP violation from physics beyond the Standard Model 
through semileptonic 5/4 decays: B —» DnlPi. In the decay process, we included various 
excited states as intermediate states decaying to the hnal hadrons. The CP violation is im¬ 
plemented in a model independent way, in which we extend the leptonic current by including 
complex couplings of the scalar sector and those of the vector sector in extensions of the 
Standard Model. We calculated the CP-odd rate asymmetry and the optimal asymmetry, 
and found that the optimal asymmetry is sizable and can be detected at la level with about 
10®-10^ 5-meson pairs, for some reference values of new physics effect. Since ~10® 5-meson 
pairs are expected to be produced yearly at the forthcoming asymmetric 5 factories, one 
could investigate CP-violation effects by using our formalism. 
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APPENDIX A: FORM FACTORS 


We give the form factors needed in Eq. (|3.16|) . If we write 


Qf, = ihmBmDe^,ypaV''v'Pp'' + Aip^ + + A^mov' + CMLp , 


then, the form factors in Eq. (|3.16|) are expressed as 


H = h, 

F = A 2 + 2(^1 ^ 3)5 

G = 2(^3 - Ai), 

R = A 2 + C^4) 


(Al) 


(A2) 


where 


h = 


9i{^) 


UmBrnn 


[A{B*) + A{D*)) + 
UmBmD ^ ' 


Ol2p2 (<2-’) 
^UmBmD 


(a;-l)(A(i?0+Api)) 


(A3) 


Al = ^(1 + u;){A{B*) + A{D*)) + _ i)(A(i?i) + A{D,)) 


3/. 


^^^^^{1+u;){A{B'*) + A{D'*)), 

Jf 


(A4) 
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+ 2 a 2 p 2 (^) /\{Di){p -v-up-v') 

^fnmi L j 

_|_«3^-^ . y> _ . y'^ A{D'*){p ■ V — up ■ v) . 

APPENDIX B: CP-EVEN AND CP-ODD QUANTITIES 

The CP-even quantity S is 

S = 2C{sm, sl) ■ (-R—indep. terms of |T|^) 

+8^(5^, SL)m^ [2 {sl - m2)Re(C)Re(A2A:) + 2(P ■ L - P ■ V){Re(P*A2) 
+Re(C)Re(PM4)} + 2{Q-L-Q- V){Re(GM2) + Re(C)Re(GM4)} 
-€^upaP'^Q''Lf’N^{Re{H*A2) + Re(C)Re(PM4)}], (Bl) 

and the CP-odd quantity V is 

V = 8C{sm, SL)m^lm{C) [2 {sl - m‘f)lm{A2Al) - 2{P ■ L - P ■ N)lm{F*A^) 

-2{Q -L-Q- N)lm{G*A^) + €^,p^P>^Q’'Lf’NAm{H*Ai)] , (B2) 

where the overall function C{sm,sl) is given by 

N 

C{sm,sl) = x\‘^7r^'J{sM,SL)- (B3) 

Ittib 
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TABLES 


Table 1. The CP-violating rate asymmetry A and the optimal asymmetry ^opt, determined 
in the soft pion limit, and the number of charged B meson pairs, Nb, needed for detection 


at la level, at reference values (a) Im(^) = 0.5 and (b) Im(^) = 2.0, for the Br 4 , decays. 


(a) Modes 

B- - 

5“*'7r TUr 

B- - 


Asymmetry 

Size(%) 

Nb 

Size(%) 

Nb 

A 

0.08 

3.31 X 10^ 

0.002 

3.22 X lO^i 

^opt 

1.13 

1.77 X 10^ 

0.15 

3.33 X 10^ 

(b) Modes 

B- - 

D'^TT~TUr 

B- - 

D^TT^TVr 

Asymmetry 

Size(%) 

Nb 

Size(%) 

Nb 

A 

0.33 

2.07 X 10® 

0.006 

2.01 X 10^° 

^opt 

4.52 

1.11 X 10^^ 

0.59 

2.08 X 10^ 


Table 2. The CP-violating rate asymmetry A and the optimal asymmetry ^opt, determined 
in the soft pion limit, and the number of charged 5-meson pairs, Nb, needed for detection 


at la level, at reference values (a) Im(^) = 0.5 and (b) Im(^) = 2.0, for the 5^4 decays. 


(a) Modes 

B- - 

5+7r /it'/. 

B- - 


Asymmetry 

Size(%) 

Nb 

Size(%) 

Nb 

A 

0.014 

7.27 X 10^ 

0.0005 

3.57 X lO^i 

^opt 

0.24 

2.35 X 10^ 

0.045 

4.53 X 10^ 

(b) Modes 

B- - 

D+Tr~iJ,v'^ 

B- - 


Asymmetry 

Size(%) 

Nb 

Size(%) 

Nb 

A 

0.054 

4.54 X 10® 


1.83 X 10^0 

^opt 

0.95 

1.47 X 10® 

0.2 

2.83 X 10® 


Table 3. The CP-violating rate asymmetry A and the optimal asymmetry ^opt, determined 
in the soft pion limit, and the number of charged 5-meson pairs, Nb, needed for detection 
at la level, at the reference value Im((^) = 2.0, for the Br^ decays, including only the ground 
state (0“, 1“) multiplet as an intermediate state. 


Modes 

B- - 

5'’'7r tUt 

B- - 


Asymmetry 

Size(%) 

Nb 

Size(%) 

Nb 

A 

0.0004 

2.20 X 10^^ 

0.0002 

1.75 X 10^® 

^opt 

0.007 

6.06 X 10^^ 


5.39 X 10^ 



























































FIGURES 










FIG. 3. ^{B^Deu) dsM^ ^ function of the invariant mass of -Dtt, sm * (c^) foi* B tv 

and (b) for B~ The curves correspond to the individual resonance doublets, as indicated 

in the figures. 





